Serpentinized harzburgites and dunites in the Coast Range ophiolite near Stonyford, California, form massive, decameter-to kilometer-scale blocks in serpentinite schist; together these form serpentinite broken formation that grades into mélange where exotic blocks have been incorporated into the serpeninite schist. Whole rock geochemical data and modal reconstruction of protolith compositions show that serpentinization here proceeded essentially isochemically for Si, Mg, and Fe, whereas other elements (Ca, Al, Cr) were lost to an aqueous flux.
Introduction
THE TRANSFORMATION OF ultramafic rocks to serpentinite-in particular, the transformation of metamorphic tectonites that represent oceanic upper mantle-is an important process that influences the physical properties of oceanic lithosphere, faulting and fault mechanics, chemical flux between oceans and oceanic lithosphere, and fluid flux to the mantle wedge source of arc volcanism, to mention but a few areas of significance. Important reviews of this process include Coleman (1971a) , Moody (1976) , O'Hanley (1996) . The pioneering work of Coleman and his associates on serpentine and serpentinization (Coleman, 1971a; Coleman and Keith, 1971; Hostetler et al., 1966) was coincident with the development of plate tectonics, which emphasized the importance of serpentinized upper mantle in ophiolites and oceanic lithosphere (e.g., Coleman, 1971b Coleman, , 1977 Coleman, , 2000 .
The Coast Range ophiolite (CRO) in northern California consists largely of serpentinized peridotite, which forms a narrow belt ranging from a few tens of meters up to almost a kilometer across (Hopson et al., 1981; Hopson and Pessagno, in press ). Along much of its length, this belt consists of sheared serpentinite and serpentinite-matrix mélange, but in a few locales (e.g., Stonyford, Chrome, Elder Creek) thick sections of massive, unsheared, partially to wholly serpentinized peridotite are common (Fig. 1 ). This massive serpentinite preserves the primary textures of the harzburgite and dunite protoliths, and in many cases preserves primary phase compositions as well.
Previous work has shown that the CRO represents oceanic crust and mantle that formed over a subduction zone (e.g., Evarts, 1977; Shervais and Kimbrough, 1985; Shervais, 1990; Stern and Bloomer, 1992; Giaramita et al., 1998) . More recent studies suggest that the final stage of ophiolite formation was precipitated by the collision of a spreading center with the subduction zone, leading to the mixing of MORB affinity magmas and mantle with the suprasubduction zone magmas and mantle (Shervais, 2001; Shervais et al., 2004; Shervais et al., 2005a) . Most of this work has focused on the crustal section of the ophiolite, and relatively little work has been carried out on the mantle peridotites, which are commonly serpentinized. In order to evaluate the origin of the peridotites, however, we need to understand the serpentinization process and its effect on mineral and whole rock compositions.
Because the CRO near Stonyford preserves massive serpentinite and partially serpentinized peridotite, it is possible to study here the process of serpentinization, and its relationship to pre-existing mineral and whole rock compositions. In particular, we can examine the question of constant volume versus constant mass during the serpentinization process, chemical flux during serpentinization, and mass balance relationships. Our work supports the conclusion that volume expansion occurs initially within the serpentine mesh that forms around primary olivine, followed by the formation of serpentine veinlets that form a stockwork in the partially serpentinized samples (Coleman and Keith, 1971; Maltman, 1978) . On the outcrop and larger scale, volume expansion is accommodated by orthogonal fractures, as proposed by O'Hanley (1996; see also O'Hanley and Offler, 1992) , followed by pervasive shearing of wholly serpentinized rocks, which may preserve blocks of less sheared or unsheared serpentinite within them. To some extent, the shearing may be driven by the force of volume expansion as wall rocks are forced aside to create accommodation space for the serpentine (e.g., Coleman and Keith, 1971) .
Geologic Setting
The Coast Range ophiolite near Stonyford, California, consists of three lithotectonic elements: (1) the Stonyford volcanic complex (SFVC), a midJurassic seamount complex composed of massive sheet flows, pillow lava, hyaloclastite breccias, and chert (Shervais and Kimbrough, 1987; Shervais and Hanan, 1989; Shervais et al., 2004 Shervais et al., , 2005a ; (2) massive, partly serpentinized but generally unsheared harzburgite and dunite; and (3) strongly sheared serpentine-matrix mélange and broken formation (Fig. 2) . The Coast Range ophiolite separates metamorphic rocks of the Franciscan assemblage to the west from unmetamorphosed sediments of the Great Valley Series to the east. The SFVC is petrologically distinct from other CRO localities, consisting largely of oceanic tholeiite, with less common alkali basalt and high-Al, low-Ti basalt (Shervais et al, 2004; Shervais et al., 2005b) .
The Stonyford serpentine-matrix mélange forms part of the Tehama-Colusa serpentinite mélange, which extends from Elder Creek in the north to Wilbur Springs in the south (Hopson et al., 1981; Hopson and Pessagno, in press) , and includes the Round Mountain mélange near Paskenta (Jayko et al., 1987; Huot and Maury, 2002) . The Stonyford mélange matrix consists of strongly sheared and foliated blue-green serpentinite schist, which wraps around phaccoidal blocks of less sheared serpentinized peridotite. The mélange contains exotic blocks that were incorporated tectonically into the sheared serpentine matrix along its margins. Mélange blocks along the eastern margin of the serpentinite belt comprise a wide range of igneous rocks derived from the oceanic crust of the Coast Range ophiolite, including wehrlite, clinopyroxenite, gabbro, diorite, quartz-diorite, and keratophyre. These blocks are similar to lithologies that comprise the Coast Range ophiolite near Elder Creek, about 60 km north of Stonyford. Additional tectonic blocks include unmetamorphosed volcanogenic wackes and conglomerates correlative with the Crowfoot Point Breccia and foliated metasediments that may correlate with the Galice Formation (Jayko and Blake, 1986; Zoglman, 1991) . Mélange blocks along the western margin of the serpentinite belt include blueschist, amphibolite, and pale green metavolcanic rocks that are distinct from basalts of the Stonyford volcanic complex, (Zoglman, 1991) . These two belts of sheared serpentinite-matrix mélange are separated by kilometer-scale blocks of massive harzburgite and dunite, or by rocks of the Stonyford volcanic complex (Fig. 2) . Locally, serpentinite mylonites preserve S-C shear fabrics that indicate exhumation of the serpentinite belt along a lowangle detachment fault with top-to-the-east shear sense (Dennis and Shervais, 1991) .
The Stonyford volcanic complex appears to rest structurally on the mélange belt, as shown by outcrops beneath the crest of Auk-Auk Ridge (Fig. 2) . These outcrops show that the Stonyford volcanic complex is separated from the underlying mélange by a low-angle fault. As noted above, the underlying mélange contains abundant blocks of CRO crustal lithologies, suggesting that the volcanic complex was built on a substrate of CRO prior to or during its tectonic disruption into the mélange (Shervais et al., 2005b) . The eastern contact of the volcanic complex is partly covered by younger alluvium, but serpentinite mélange has been mapped along the southeastern margin of the complex, adjacent to massive harzburgite, between Little Stony Creek and Salt Creek (Fig. 2) . The mélange here contains blocks of volcanogenic sandstone that may be correlative with the Crowfoot Point Breccia near Elder Creek. The presence of sheared serpentinite east of Stony Creek, in fault contact with rocks of the Great Valley series, suggests that, at least in part, the mélange wraps around the eastern margin of the Stonyford volcanic complex. It is clear from the outcrop patterns that these exposures of serpentinite mélange are separated by a major fault, however, that is covered by younger alluvium, so it is not possible to define precisely the extent of mélange along the eastern margin.
Massive harzburgite and dunite form coherent blocks up to at least 5 × 2 km in size that are resistant to erosion and stand out as ridges aligned with the volcanic complex. Massive harzburgite underlies Black Diamond ridge north of the volcanic complex and the ridges that border Salt Creek, Hyphus Creek, and Little Stony Creek south of the volcanic complex (Fig. 2) . The harzburgite that forms these ridges is locally sheared, but comprises a mappable unit that is distinct from the sheared serpentinite mélange. The sheared serpentinite-matrix mélange typically contains a variety of exotic blocks, whereas the massive harzburgite/dunite unit contains only peridotite blocks, even where shear zones are common. In this respect, the massive harzburgite unit and the sheared serpentinite adjacent to it may be thought of more appropriately as a broken formation. Ridge, in which strongly sheared and foliated serpentinite schist encloses blocks of relatively massive, partly serpentinized harzburgite. The serpentinite broken formation is overlain by the massive, unsheared harzburgite of Black Diamond Ridge along a low-angle fault contact that represents the shearing front between the sheared and unsheared serpentinite (Fig. 3A) . Closer up, phaccoidal blocks of massive, partly serpentinized harzburgite are seen to float in a sea of sheared, blue-green serpentinite schist (Fig. 3B) . Foliation in the serpentinite schist dips about 45º to the east, under Black Diamond Ridge and the Stonyford volcanic complex.
Dikes of isotropic gabbro and diorite within the massive harzburgite and dunite are relatively rare but widely distributed. Most mafic to felsic dikes are 0.3 to 0.5 m thick, and some may be seen to extend for several meters in outcrop. These dikes are always rodingitized-that is, altered by Ca metasomatism during serpentinization to an assemblage of hydrous Ca-Al silicates (zoisite, prehnite, hydrogrossular, vesuvianite, diopside) . The rodingite dikes appear in the field as white to off-white, aphanitic to finegrained rocks with a mottled texture that resembles mafic phases in a felsic groundmass. Orthopyroxenite dikes are also relatively rare, though more common than gabbroic dikes. The orthopyroxenite dikes are generally thin (1-3 cm) and consist of large, subhedral orthopyroxene with minor olivine (Fig. 3C ). When present in harzburgite, it is common for these dikes to be immediately adjacent to dunite.
Petrography
Mineral assemblages were determined both petrographically and through X-ray diffraction studies of whole rock samples. X-ray diffraction analysis was carried out with a Panalytical X'Pert Pro X-ray diffraction spectrometer with monochromatic Cu K-alpha radiation, using the High Score software program to index peaks and identify minerals. Samples were backloaded into sample mounts and scanned from 5º to 75º 2-theta at 0.8º/minute. Degree of serpentinization was calculated from loss on ignition data, assuming a water content of 14 wt% for serpentine and of 31 wt% for brucite. Primary modes, degree of serpentinization, and metamorphic mineral assemblages for each sample studied here are summarized in Table 1 .
The samples studied here include harzburgite, dunite, and one olivine orthopyroxenite. Primary modes were determined by counting 430 points on enlarged high-resolution scans of one inch diameter probe mounts for olivine, orthopyroxene (Opx), clinopyroxene (Cpx), and Cr-spinel. Primary modes for the harzburgites indicate ~60-87% olivine, 8-38% Opx, 0-8% Cpx, and up to 3% Cr-spinel. Primary modes for the dunites indicate 91-99% olivine, with ~3-8% Opx and <1% Cr-spinel (Table 1) . Overall, the harzburgites represent partially depleted oceanic mantle formed by melting of more fertile peridotites, whereas the dunites represent thoroughly depleted mantle that probably formed by dissolution of pyroxene during porous flow of a pyroxene-undersaturated melt (e.g., Quick and Gregory, 1995) . The orthopyroxenite dike consists of 67% orthopyroxene, plus olivine. The dike is ~1 cm thick, and is separated from the adjacent harzburgite by a zone of dunite.
Serpentinization ranges from 35-100% in the harzburgites, whereas all the dunites are completely serpentinized. X-ray diffraction studies show that lizardite is the dominant serpentine mineral in all samples, with minor chrysotile in three to five samples. The orthopyroxenite dike consists entirely of lizardite, with no indication of accessory brucite or magnetite. Brucite was detected in seven samples; it is absent from two samples that had high primary modal Opx and from one sample that is only 35% serpentinized (Table 1) . Magnetite was also rarely detected by X-ray diffraction, although it can be seen petrographically in minor amounts scattered through the thin sections, or decorating fracture surfaces with a black coating (Fig. 4A ), although much of this black coating may be Fe-rich brucite (James Beard, person. commun., 2004) .
Serpentine occurs in four textural associations: mesh-texture rims and centers, pyroxene psuedomorphs, and veins. Olivine is commonly replaced by mesh-textured serpentine along grain boundaries and along orthogonal microfractures within single grains. The mesh rims form an orthogonal stockwork of pseudofibrous serpentine in which the apparent fibers are cross-sections of lizardite plates aligned perpendicular to the fracture walls. The olivine grains enclosed by this mesh may be unaltered, or may be replaced by finely crystalline or isotropic serpentine that does not display the characteristic pseudofibrous texture of the mesh rims (Fig. 4A) . , and , have shown that the pseudofibrous meshrims consist dominantly of lizardite 1T (± minor magnetite), whereas the massive serpentine replacing the mesh centers consists dominantly of lizardite ± brucite; chrysotile is rare in this association. Orthopyroxene is pseudomorphed by lizardite 1T, which replaces pyroxene topotactically to form bastite Dungan, 1979a Dungan, , 1979b . We have confirmed this by X-ray diffraction of a microsample of bastite from the orthopyroxenite dike, which shows lizardite 1T as the only phase present-no brucite or magnetite is detected in the X-ray spectrum, and bastite psuedomorphs are optically free of visible magnetite (Figs. 4A and 4B). The fourth textural association, not found in all samples, consists of subparallel to orthogonal serpentine-filled fractures (microveins) that transect the samples and cut both the earlier mesh texture and bastite pseudomorphs (Fig. 4B) ; this is the ribbon-texture of Maltman (1978) . These microveins are typically spaced ~1 to 3 mm apart and contain fibrous or platy serpentine, chlorite-serpentine intergrowths (septechlorites), and possibly sepiolite. They are typically decorated with microcrystalline magnetite, which accentuates their visibility in thin section (Fig. 4B) .
No indication has been found to support the presence of antigorite or other high-temperature assemblages in the Stonyford serpentinites.
Mineral Chemistry
Mineral phases were analyzed with a JEOL 8900 Superprobe at the University of Nevada, Las Vegas, using 15 kV 25 nA probe current and natural and synthetic mineral standards. In addition to primary phases, serpentine minerals were analyzed in each textural association.
Primary phases
Primary silicate phases that were not totally replaced by serpentine include olivine, orthopyroxene, and clinopyroxene. The olivine ranges in composition from Fo 90.3 to Fo 91.7 , with about 0.02 wt% CaO (Table 2) . Olivine is preserved only in the harzburgites; no relict olivine was found in the dunites. Orthopyroxenes are enstatite (~En 89.8 Wo 1.5 ) and clinopyroxenes are chromian diopside (~En 46.4 Wo 49.8 ). Alumina contents range from 1.1 to 2.4 wt% in pyroxenes from the depleted (fore-arc) peridotites (dunite, harzburgite) to 3.8 to 6.6 wt% in pyroxenes from the abyssal peridotites. Pyroxenes from the fore-arc peridotites have alumina contents similar to coexisting bastite, but pyroxenes from the abyssal peridotites have 2× to 3× higher alumina than in coexisting bastite. All of the analyzed pyroxenes have low concentrations of the other pyroxene, indicating low pyroxene solvus temperatures of around 600-800ºC-well below the peridotite solidus. Crspinel compositions vary widely between samples and define two distinct peridotite groups: abyssal peridotites, which contain spinels with low Cr#s (100 × Cr/[Cr + Al]) and high Mg#s (100 × Mg/ [Mg + Fe] ) that plot at the undepleted end of the abyssal peridotite array of Dick and Bullen (1984) , and forearc peridotites, which contain Cr-rich spinels that plot within the array of depleted fore-arc peridotites (Ishii et al., 1992) .
Serpentine
Electron microprobe analyses of serpentine present special challenges to evaluation and interpretation. The variable content of structural and adsorbed water, and the possible presence of brucite or hollow tubes of chrysotile, result in oxide totals that vary from about 80 to 89 wt% (Table 3) . As a result, it is difficult to evaluate analyses for quality. In addition, it is not possible to determine Fe 3+ /Fe 2+ ratios from stoichiometry, and the oxidation state of iron must be assumed when calculating mineral formulae. Dyar (1993, 1998) used Möss-bauer spectroscopy to determine Fe 3+ in lizardite and chrysotile, but our analyses do not distinguish these phases. Structural formulae in Table 3 are calculated on the basis of 14 oxygens, after the recommendations of Whittacker and Wickes (1970) , with all iron as Fe 2+ ; acceptable analyses should have Si + Al ~4.0 and total cations ~10.0. Analyses that fall well outside this range have been rejected as serpentine, although they may represent complex mixtures of serpentine interlayered with other trioctahedral sheet silicates. Phases tentatively identified through this process include interlayered serpentine-chlorite and sepiolite. Mesh textures after olivine include both mesh rims and mesh centers. The mesh rims and mesh centers are generally high in MgO (37-42 wt%) and silica (38-42 wt%) and relatively low in FeO* (= 6%), Cr 2 O 3 (= 0.2%), and alumina (= 1%). There is a cluster of mesh center analyses with very high Mg#s (100 × Mg/[Mg + Fe] ~95) that have Cr 2 O 3 concentrations that range from 0.4 to 1.0 wt%, and a few mesh center analyses are rich in FeO* (6-9 wt%), and also have higher Cr 2 O 3 (0.2-0.5 wt%) and alumina (~1.1-1.5 wt%); these are similar in composition to some Fe-rich serpentines after Opx (bastite).
Serpentines after orthopyroxene (bastite) are generally low in MgO (~34-37 wt%) but have silica similar to serpentines after olivine (38-42 wt%). FeO*, Cr, and alumina are generally higher than most serpentines after olivine, with the exceptions discussed above. The low Mg, high Cr, and high Al seem to reflect the composition of the original enstatites (e.g., Dungan, 1979a Dungan, , 1979b Wicks and Plant, 1979) . The Fe-rich serpentines after Opx are even lower in MgO (~32-33 wt%) and silica (~35-37 wt%), and also have lower Cr and Al than other bastites (but still higher than most mesh-textured serpentine after olivine).
Serpentine in the later microveins is generally similar to the mesh-texture serpentine, except where the veins cut former pyroxenes. Here the microvein serpentine may be high in Cr and Al, similar to pyroxene pseudomorphs (Table 3) .
Other secondary phases
Other secondary phases in the serpentinites were identified petrographically, chemically (electron microprobe analysis), or through X-ray diffraction studies. These phases include magnetite, brucite, inter-layered chlorite-serpentine (septechlorites), mixed layer clays, and possibly sepiolite. Magnetite occurs as discrete grains, but its modal abundance is typically low (less than 1% modally). The very fine grained black material commonly seen decorating fracture surfaces may be magnetite or Fe-rich brucite. Brucite is confirmed by X-ray diffraction in all but three samples. Two of the brucite-free samples are Opx-rich (pyroxenite vein and Opx-rich harzburgite), and one is less than 35% serpentinized (Table 1) . Mg-chlorite forms a thin vein in one harzburgite, but was not observed in other samples. Sepiolite was tentatively identified from a microprobe analysis of a phyllosilicate with low MgO relative to serpentine. Minerals indicative of higher temperatures and/or higher silica activities, such as talc, tremolite, or anthophyllite, were not found in any of the samples studied here.
Bulk Rock Chemistry
Major-element analyses were carried out on a Philips 2400 X-ray fluorescence spectrometer at Utah State University, using pressed powders for both major and trace elements. In addition, majorelement compositions were calculated from primary modes using the average composition of the primary phases; where no primary silicate minerals remain, comparable data from sample SFV-223 were used. Primary modes were determined on enlarged scans of the probe mount, where points are assigned to primary phases based on their texture and association. A total of 430 points were counted on each one-inch diameter probe mount. Whole rock major-element data are compared in Table 4 to reconstructed major-element compositions. In all cases, whole rock analyses are recalculated to 100% anhydrous to facilitate comparison with the modal reconstructions. Loss on ignition ranges from 5 wt% to 15 wt%, corresponding to 35% to 100% serpentinization; samples with LOI > 14% include brucite.
All of the samples analyzed here have XRF whole rock compositions typical of serpentinized ultramafic rocks, with 40-45 wt% silica, 42-52% MgO, and 8.5-9.5 wt% FeO*; alumina and lime are both less than 2 wt%, while other elements occur only in trace amounts (all recalculated to 100% anhydrous/volatile-free). Whole rock compositions based on modal reconstruction are basically similar, with slightly lower iron and slightly higher alumina and lime (Table 4) . 
Chemical Flux Based on Bulk Rock Compositions
Comparison of the anhydrous whole rock analyses to primary compositions calculated by modal reconstruction is carried out most easily by using isochon diagrams (Grant, 1986) , which provide a graphic solution to the equations for metasomatic replacement of Gresens (1967) . Isochon diagrams compare the original unaltered composition (represented here by modal reconstruction from relict mineral compositions) with the composition after metamorphism and metasomatic alteration (Grant, 1986) . In this case, the current, metasomatically altered composition has been normalized to 100% anhydrous, so volume or mass changes caused by hydration have been eliminated.
Isochon diagrams for the samples studied here are shown in Figures 5A (all elements) and 5B (expanded to show Al 2 O 3 , CaO, TiO 2 , and Cr 2 O 3 ); an isochon with a slope of one (no gain or loss of mass) is shown for comparison. Elements that plot above an isochon for conserved elements have been enriched in the altered sample, whereas elements that plot below the conserved element isochon have been removed. Normally we would chose an element like aluminum that we believe to be immobile to define the isochon (e.g., King et al., 2003) . In this case, assuming aluminum to be a conserved element defines an isochon with a slope of 0.74, indicating that mass increased during metamorphism by almost 35% (Fig. 5 ). There is no evidence for such a large mass increase. In fact, an isochon slope of 0.74 would require major increases in silica, magnesia, and iron, for which there is no apparent source outside of the peridotite.
Alternatively, the correct isochon may have a slope that is defined by both magnesia and silica (which comprise about 90% of samples studied here) and not by alumina. In this scenario, both magnesia and silica cluster around the isochon with slope = 1, indicating little loss or gain of either species (Fig. 5) . In general, there is a tendency for MgO to be slightly enriched, and silica to be slightly depleted, relative to their calculated parents. Iron is slightly enriched in all samples. All of the other major elements (Al, Ca, Ti, Cr) are strongly depleted relative to the unserpentinized protoliths (Fig. 5B) . This is essentially the same observation as Coleman and Keith's (1971) for the Burro Mountain peridotite, where they found Si, Mg, Fe, Cr, and Al to be conserved. The difference in our observations concerning Al and Cr mobility may reflect our different techniques-Coleman and Keith (1971) used a series of ratio plots to determine which elements were conserved, in contrast to our use of modal reconstruction.
The mobility of Ca during serpentinization is relatively well known, and is the prime cause of Ca metasomatism of mafic and felsic dikes to form rodingite (e.g., Coleman, 1971a) . Three rodingite compositions are presented in Table 5 ; all were analyzed by X-ray fluorescence methods using glass disks for major elements and pressed powders for trace elements. All of these samples have extremely high , essentially double what is normally found in the most Ca-rich basalts. Ca is also high in cold springs that emanate from serpentine terrains both on land and in oceanic crust (Barnes et al., , 1978 Beard and Hopkinson, 2000; Früh et al, 2003) .
In contrast, it is somewhat surprising to see Al and Cr among the most mobile elements. This implies that these elements could find few suitable mineral hosts in the rocks and were thus mobilized in the highly alkaline, high pH fluids that form during serpentinization at low temperature Barnes et al., 1972 Barnes et al., , 1978 Beard and Hopkinson, 2000) . It is well known that whereas Cr 3+ is relatively stable, Cr 6+ may be easily mobilized by highly alkaline, high pH fluids (e.g., Oze et al., 2004) . In addition, Drever (1997) , and Wesolowski and Palmer (1992) , have demonstrated that aluminum solubility varies with pH, with a minimum solubility at a pH of ~ 6, and increasing solubility with increasing alkalinity. Barnes and coworkers have shown that cold springs that release water from serpentinization reactions typically have pH ~ 9-11.8 .
Mass Balance Calculations
The transformation of magnesian olivine into serpentine is described by two idealized equilibria that preserve constant mass, aside from hydration: (3) serpentine aqueous silica These idealized equilibria depart from reality because the primary phases and resulting serpen- FIG. 5 . Isochon diagrams for serpentinized peridotites, comparing whole rock XRF analysis to composition by modal reconstruction-which is assumed to represent the primary, pre-serpentinized composition. A. Isochon diagram scaled for the major elements Si, Mg, and Fe; minor elements plot near origin. B. Isochon diagram scaled for the minor elements Ca, Al, Ti, and Cr. tine depart from their ideal compositions as a result of solid solution. In order to understand the actual chemical exchange taking place during these transformations, we have performed a series of mass balance calculations using the observed mineral compositions of both primary and secondary phases, looking at both variations in the chemistry of the primary silicate phases and variations in the observed compositions of serpentine in different textural settings (mesh rim, mesh centers, bastite). The mass balance calculations were carried out using the program GENMIX (LeMaitre, 1981), average primary mineral compositions for both abyssal and depleted phases, average serpentine compositions for each textural setting, plus iron-rich serpentine variants and endmember brucite and magnetite. Because GENMIX only considers whole phases, we used (OH) radicals instead of water in the calculations; thus, we have ignored the production of hydrogen gas that must accompany these reactions in the Fe-bearing system (e.g., Evans, 2004) . To allow for open system behavior of some components that we know were not conserved, we included aqueous lime and silica as products or reactants in some calculations.
Representative calculations are presented in Table 6 . The first two models balance equilibria similar to equation (1) for olivine plus water → serpentine + brucite + magnetite, using either mesh rim or mesh center serpentine. These models have near perfect solutions (residual sum of the squares <1.0) showing that 80-84 grams of olivine will form a similar mass of serpentine, plus 12-16 grams of brucite and 3-4 grams of magnetite. The second two models examine equilibria similar to equation (3) for orthopyroxene plus water → serpentine plus silica plus lime. In both cases, ~87 grams of Opx yield ~85 grams of serpentine plus 14 grams of silica liberated in aqueous solution. The depleted Opx (with low primary alumina) has a near perfect solution (r 2 < 0.3) because the bastite pseudomorph has almost the same alumina content as the pyroxene. The abyssal Opx has higher primary alumina in excess of what is found in the bastite; this equilibria has a poor fit (r 2 = 8.6) based on large residuals for alumina. If we assume that alumina is mobile, as suggested by the isochron diagrams, this equilibria would have a better fit. We note that samples with high-alumina pyroxenes also contain septechlorite in microveins, suggesting in part an internal redistribution of alumina. The last two models mimic equation (2), for olivine plus silica plus water → serpentine plus magnetite. Both examples have good to acceptable fits (r 2 = 0.4 to 1.1) in which 75-78 grams of olivine plus 8-10 grams of silica from solution form ~98 grams of serpentine and 1-2 grams of magnetite. The release of silica from the Opx reaction will drive this equilibria and significantly enhance serpentine production and suppress brucite formation. Not shown are models using Fe-rich serpentine; these models have results similar to those discussed above, except that magnetite production is suppressed as more Fe goes into the serpentine.
Tables 7-9 present these results with the mass proportions converted to moles for comparison with the idealized equilibria, and normalized to two or three moles each of the appropriate mafic reactant (olivine or orthopyroxene). Mass proportions were divided by the molecular weight of each phase, calculated from its average microprobe composition, to determine the number of moles of each species. Volumes were calculated by dividing the formula molecular weights by the unit cell volume derived from X-ray diffraction cell parameters. Equilibria describing the transformation of two moles of olivine to serpentine plus brucite (Table 7) yield results similar to the ideal equilibria, but with somewhat less brucite produced (0.8 to 0.99 moles) along with small amounts of magnetite (0.05 moles). When Fe-rich serpentine is used as a product, magnetite is not produced and the amount of brucite is reduced (0.65 to 0.73 moles).
Equilibria describing the transformation of three moles of orthopyroxene to serpentine plus silica produces about 2.1 to 2.25 moles of serpentine and 1.5 to 1.66 moles of silica (Table 8) . Small amounts of excess lime is also a product, reflecting rejection of Ca from the serpentine lattice. Because the serpentine in bastite tends to have higher Fe, Al, and Cr than serpentine after olivine, magnetite is not produced and residuals for Al and Cr are small.
Equilibria describing the transformation of olivine plus silica to serpentine, with no excess MgO as brucite, require about 0.75 to 1.0 moles of silica for every three moles of olivine to produce around two moles of serpentine (Table 9 ). These reactions produce about 30% to 40% more serpentine than equilibria lacking silica as a reactant, along with small amounts of magnetite. The amount of silica required is almost exactly the same as the amount of silica produced by reacting 1.5 moles of orthopyroxene to bastite. Thus, for every mole of orthopyroxene in the rock, two moles of olivine can be reacted without producing brucite.
A harzburgite containing about 21% modal orthopyroxene and 79% modal olivine contains about two moles of orthopyroxene and eight moles of olivine. Thus, about half the olivine present may be transformed into serpentine without producing brucite, and fixing all of the silica released by the pyroxene serpentinization within the sample. The remaining olivine must form serpentine plus brucite, unless the excess magnesia is removed from the system by fluids or silica is added from an outside source. The importance of excess silica from orthopyroxene in balancing excess MgO from olivine has been noted by a number of investigators (e.g., O'Hanley and Offler, 1992) .
Discussion
Serpentinites associated with the Stonyford volcanic complex form a large portion of the Coast Range ophiolite in northern California (Hopson et al., 1981; Hopson and Pessagno, in press ). These serpentinites may be separated into two groups, based on their internal structure and texture: massive, unsheared peridotites that form resistant ridges, and strongly sheared serpentine schists that enclose decameter to kilometer scale blocks of massive peridotite. Sheared serpentinites form the matrix of the serpentinite mélange and broken formation that characterizes much of the ophiolite belt from Elder Creek through Wilbur Springs. The massive, relatively unsheared and only partly serpentinized peridotites represent essentially intact blocks of ophiolite mantle that have been incorporated into the serpentinite broken formation through progressive hydration and deformation of the primary mantle tectonites.
In the Stonyford area, exotic blocks crop out at different levels of exposure, suggesting partial preservation of the original stacking order of the lithologies. Thus, amphibolites and other high-grade blocks are only found along the western margin of the mélange belt, west of the Stonyford volcanic complex and massive harzburgite ridges. Plutonic and volcanic blocks of Coast Range ophiolite affinity (other than Stonyford volcanic complex) crop out beneath the volcanic complex, along the eastern margin of the western mélange belt (e.g., southwest of Auk-Auk Ridge, Fig. 2 ). The eastern mélange belt (east of the volcanic complex and massive harzburgite ridges) contains low-grade metasediments of Galice-like affinity (e.g., Jayko and Blake, 1987) as well as volcanogenic sandstones that correlate with the Crowfoot Point Breccia near Elder Creek (Simpson-Seymore, 1999) . This implies that most of the non-serpentinite blocks formed by progressive disruption of the overlying oceanic crust, while the high-grade blocks were incorporated from the subjacent Franciscan complex (e.g., Jayko et al, 1987) .
Isochon diagrams that compare major-and minor-element compositions of serpentinized peridotites with their original compositions (calculated by modal reconstruction) show that there is little change in the concentration of the most abundant (Table   continues) elements (Mg, Si, Fe) when corrected for hydration; minor elements (Ca, Al, Cr), however, are moderately to strongly depleted in serpentinites. Thus, the process of serpentinization must be essentially isochemical for the major elements, although some mass loss must occur to account for the decrease in minor elements. This is consistent with the conclusions of many previous studies, including Hostetler et al. (1966) , Keith (1971), and Offler (1992) . The alternative interpretation of the isochon diagrams-that alumina is conserved and therefore significant mass must have been added in the form of Si, Mg, and Fe (e.g., King et al., 2003) Barnes et al., 1978; Fruh-Green et al., 2003) , but the dominant sink for Ca is clearly the rodingites (Coleman, 1971a; Coleman and Keith, 1971; Frost, 1975) . The sink for Al and Ti is less obvious: perhaps chloritic blackwall adjacent to the rodingites? But even though a sink is not well constrained, it seems clear from the isochon results that both Al and Ti must be mobile during serpentinization.
The mass balance results based on actual mineral compositions show that serpentinization departs to some degree from the idealized equilibria we often use to describe it. For olivine, these departures result largely from the variations in Mg/Fe ratio of the protolith, with more Fe resulting in less serpentine. For orthopyroxene, these departures result largely from less than ideal silica contents, and high tetrahedral alumina, which lower the excess silica produced, and from the high Fe, Al, and Cr contents of serpentine psuedomorphs after Opx, which increases the mass of serpentine produced.
The other important aspect of mass balance for serpentinization of harzburgites is the interplay between excess silica produced by the serpentinization of Opx (equilibria [3]), and excess MgO produced by the serpentinization of olivine under equilibria (1). In the absence of excess silica from Opx, the excess MgO produced by equilibria (1) Residual sum of squares = .2779407; chi-square = 2.526733E-02. 4 Residual sum of squares = 8.647884; chi-square = .7861713.
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Residual sum of squares = .266423; chi-square = 2.422028E-02. 6 Residual sum of squares = 1.136912; chi-square = .1033556.
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Residual sum of squares = .437977; chi-square = 3. 981609E-02. results in modal brucite. While modal brucite is observed in most of the samples studied here (those low in primary Opx), it is not an abundant phase and is not present in the amounts predicted by equilibria (1). Excess silica formed during the production of bastite suppresses brucite formation, and enhances the production of more serpentine. In harzburgites with typical Opx modes of around 20-25%, more than half of the expected brucite is suppressed, and 30-40% more serpentine is formed.
The question of constant volume versus constant composition has been contentious for some time (e.g., Hostetler et al., 1966; Thayer, 1966; Coleman and Keith, 1971; O'Hanley, 1992 O'Hanley, , 1996 . The topotactic replacement of Opx by lizardite argues for essentially constant volume relations (Dungan, 1979a (Dungan, , 1979b , although the (Table 5) . Nonetheless, the mass balance results argue against significant loss of Si and Mg during serpentinization, since both of these elements are easily balanced using the observed mineral compositions. In contrast, concentrations of elements like Al and Ti are poorly reproduced in the mass balance calculations (as shown by the high residuals for these elements), and other elements (like Ca) can only be balanced by assuming an aqueous flux of dissolved cations. These mass balance results are supported by the isochon diagrams, which show that Si, Mg, and (to a lesser extent) Fe must be conserved during serpentinization, whereas Ca, Al, and Cr are lost (Fig. 5 ). If we assume that Al is conserved (e.g., King et al., 2003) , the isochon diagram requires that Si and Mg be added, not lost-the opposite result predicted by constant volume calculations. O'Hanley (1992 O'Hanley ( , 1996 proposed that volume expansion during serpentinization is accommodated at the outcrop scale largely along orthogonal crossfractures that force blocks apart and allow serpentinization to penetrate farther into the resulting blocks. These macroscopic cross-fractures may begin as the orthogonal microfractures observed in many of the samples studied here, which are in turn larger-scale versions of the commonly observed mesh textures . As blocks become separated by these orthogonal cross-fractures, differential movement will cause the serpentinite between the blocks to become sheared and foliated. This differential movement may be entirely tectonic in origin, focusing strain within the weakest part of the serpentinized lithosphere. Alternatively, much of the shearing and foliation observed may be caused by the expansion process itself, as blocks are forced to adjust to increased volumes in the totally serpentinized selvages, which are expanding in three dimensions, by differential movements that force the blocks to move in the direction of least principal stress. This is basically the same process proposed by Fryer and Fryer (1987) to explain the emplacement of nonvolcanic (serpentinite) seamounts in forearc settings. Similar models have been proposed for other partly sheared serpentinites (e.g., Coleman and Keith, 1971) .
Conclusions
Serpentinization of harzburgites and dunites adjacent to the Stonyford volcanic complex proceeded essentially isochemically for Si, Mg, and Fe, whereas other elements (Ca, Al, Cr) were lost to an aqueous flux. Volume expansion was considerable (25-30% for bastite formation, 50-60% for formation of mesh textures from olivine), primarily resulting from the addition of water. This expansion was accommodated by orthogonal fractures at both the microscopic Maltman, 1978) and macroscopic scales, as proposed by O'Hanley (1992) . Subsequent movement along the macroscopic serpentinized fractures led to the formation of serpentine broken formation, with a matrix of sheared and foliated serpentinite, and relict blocks of massive, less serpentinized peridotite.
The distribution of exotic blocks in the sheared serpentinite mélange marginal to the broken formation suggests that the original structural stacking order is preserved, with Franciscan-derived blocks in the west and Coast Range ophiolite-derived blocks in the east. This preserved stacking order implies that the serpentine mélange formed within or adjacent to an active subduction zone, in which the serpentinized peridotites represent the mantle lithosphere of the hanging wall of the subduction zone (as proposed by Blake, 1986 and Jayko et al., 1987) . This process has been documented in active convergent margins (e.g., Fryer et al., 1995; Peacock, 1993) and represents a viable actualistic model for the formation of serpentinite mélange in the northern Coast Ranges.
